Introduction
Spinal cord injury (SCI) is one of the most devastating forms of trauma affecting humans. Approximately half of patients with SCI have complete transection, with no preservation of voluntary motor or sensory function below the corresponding level of injury (Tator et al., 1990) . The development of powerful strategies to treat SCI has always been a major clinical challenge, although with recent dramatic progresses in cellular transplantation, gene therapy and molecular treatment has increased optimism for a future cure for SCI (Rapalino et al., 1998; Jones et al., 2001; Blits et al., 2002; Schwab, 2002) .
Olfactory ensheathing cells (OECs) promote the axonal growth of neurons in the olfactory mucosa of the nasal cavity to innervate the olfactory bulb of the brain and form synapses with second-order neurons (Doucette, 1984) . Recent studies have shown that implantation of rodent and human OECs appears to be one of the most promising strategies to promote long-distance regeneration in the injured spinal cord (Doucette, 1984; Li et al., 1998; Barnett et al., 2000; Kato et al., 2000) .
Animal models are invaluable for research on SCI because they allow for precise manipulations and measurements, as well as a means to evaluate potential therapeutic interventions. However, SCI models can vary between different studies. The induction of injury to the spinal cord can be done by several techniques, including aspiration, resection, hemisection, transection, contusion, compression, ischemia, and neurotoxin injection. Complete spinal cord transection is a frequently-used model in SCI studies. After complete spinal cord transection, axonal regeneration across the lesion for functional recovery remains a difficult challenge (Imaizumi et al., 1998; Ramón-Cueto et al., 2000; Fouad et al., 2005) . OEC transplantation reportedly promotes tissue sparing, axon remyelination, and improvements in motor performance in incomplete and complete adult SCI models (Ramón-Cueto et al., 2000; García-Alías et al., 2003; Li et al., 2003 Li et al., , 2007 Kubasak et al., 2008) . This model exhibits huge advantages in studying nerve injury repair and regeneration (Dobkin et al., 1995; Yates et al., 2008; Muñoz-Quiles et al., 2009; Tillakaratne et al., 2010) . To exclude interference and bias induced by incomplete transection during model establishment and to clarify more clearly the advantages and effects of OEC transplantation in SCI, this review included only the studies of complete spinal cord transection and conducted a meta analysis.
Data and Methods

Data retrieval
Boolean logic operation was used to link retrieval words and Cochrane Collaboration Handbook RCT was used for advanced searches. SCI, complete transection, and olfactory ensheathing cells were used as key words in Chinese and English to retrieve Medline, Embase, Cochrane library, Chinese Biomedical Literature Database, China National Knowledge Infrastructure, VIP, Wanfang databases and Chinese Clinical Trial Register, to search for basic studies published between January 1989 and December 2013. Chinese articles were only selected from Chinese journals with statistical sources.
Inclusion and exclusion criteria
Randomized controlled trials on OEC transplantation for promoting neurological functional recovery in complete spinal cord transection were included, in which the animal models were rats. Trials without complete quantitative data and repeat publications were excluded.
Data extraction and quality evaluation
The Jadad scale was used to evaluate the quality of included studies (Jadad et al., 1996) , which contained three items relating directly to the reduction of bias and whose frequency of endorsement was between 15% and 85%. The three items were the following questions: 1. Was the study described as double blind? 2. Was the study described as randomized (including the application of the words randomly, random, or randomization)? 3. Was there a description of dropouts and withdrawals? The items were raised as questions to draw the yes or no answers. Points awarded for items 1 and 2 relied on the quality of the introduction of the research methods to generate the sequence of randomization and/or the quality of the introduction of the methods of double-blinding. If the trial had been described as randomized and/or double-blind, but there was no introduction of the methods applied to generate the sequence of randomization or the double-blind conditions, one point was awarded in each case. If the methods of generating the sequence of randomization and/ or blinding had been introduced, one additional point was given to each item, if the method was appropriate. A method to generate randomization of sequences was considered as sufficient if it allowed each study participant to have the same chance of receiving each intervention, and if the investigators could not predict which intervention was next. Double-blinding was considered appropriate if it was described or hinted that neither the person doing the assessment nor the study participant could identify the intervention being assessed. Oppositely, the relevant item was given the point of zero, if the method of generating the sequence of randomization and/or blinding was introduced but inappropriate. The third item, dropouts and withdrawals, was awarded zero points for a negative answer and one point for a positive. For a positive answer, the number of dropouts, withdrawals, and the reasons for either had to be described in each of the comparison groups. It should have been demonstrated in the report if there were no withdrawals. The quality of studies was graded as 0 to 5 points. Studies with 3 points or more were regarded as high quality, with more than 1 point as moderate, but with 1 point or less as low quality.
Extraction content included baseline data (sample size, randomization and blinding method); and original data of statistical analysis: Basso, Beattie and Bresnahan (BBB) scores.
Data analysis
Meta analysis was conducted using RevMan 4.2.2 software (offered by the Cochrane Collaboration). BBB scores of hindlimb were used as the evaluation index (Basso et al., 1996) . Included studies were subjected to heterogeneity testing. RevMan boundary value α = 0.10. P < 0.01 indicates heterogeneity of included studies, which should be further analyzed with heterogeneity. If P > 0.01, the studies were analyzed using fixed effect model. I 2 > 50% does not represent homogeneity. Measurement data were represented by weighted mean difference (95% confidence interval (CI)).
Results
Data retrieval results
A total of 95 articles were retrieved, including 49 Chinese and 46 English, published between January 1989 and December 2013. After reading the titles and abstracts, nine (two Chinese and seven English) were selected for further analysis. After reading the full text of each article, six were included (Lu et al., 2002; Steward et al., 2006; Yin et al., 2006; López-Vales et al., 2007; Jiang et al., 2010; Centenaro et al., 2011) and three were excluded because of incomplete quantitative data (Figure 1) .
Quality estimation and data extraction
All included studies were randomized controlled trials and BBB scores were used as the main evaluation index. A total of 137 rats were involved in the six included studies, with definite inclusion and exclusion criteria. The characteristics and Jadad scores of included studies are listed in Tables 1 and 2.
Meta analysis
A total of 137 rats were included. Due to heterogeneity in studies (I 2 = 98.7%, P < 0.00001), the random effect model was used. Results showed that the BBB scores between OEC transplantation and control groups at the final follow-up were significantly different (WMD = 3.16, 95% CI (1.68, 4.65), P < 0.00001). This evidence indicates that OEC transplantation promotes increased motor functional recovery of rat hindlimbs compared with the control group (Figure 2) .
Sensitivity analysis
To eliminate the influence of heterogeneity on the results, the sensitivity of BBB scores of included studies was analyzed. Results showed statistical significance after excluding one study due to a very small size of samples (Tillakaratne et al., 2010) . This indicates that BBB scores in the group of OEC transplantation were still higher than the control group (P < 0.05), i.e., the influence of heterogeneity is limited to the meta analysis. Lu et al. (2002) transplanted OECs from the olfactory mucosa into the T 10 thoracic site of a SCI model in adult rats at 4 weeks after transection. There was a significant recovery of locomotor behavior and restoration of descending inhibition of spinal cord reflexes, 10 weeks after transection and transplantation. There was also growth of axons across the transection site, including serotonergic axons arising from the brainstem raphe nuclei. Four weeks later, the scar tissue and cavities at the transection site were removed to develop a 3-4 mm gap. Then, pieces of olfactory lamina propria (OLP) were placed into this gap, between the cut surfaces of the spinal cord. Ten weeks later, the locomotor activity of these animals was significantly improved compared with control animals, which received implants of either pieces of nasal respiratory lamina propria (RLP) or collagen. The behavioral recovery was still improving 10 weeks after transplantation. Regrowth of brainstem raphe axons across the transplant site was shown by the presence of serotonergic axons in the spinal cord caudal to the transection site, and by retrograde labeling of cells in the nucleus raphe magnus after injections of fluorogold into the caudal spinal cord. Neither serotonergic axons nor labeled brainstem cells were observed in the control animals. These results show that OECs from the nasal OLP have the ability to promote axonal regeneration of spinal cord, when transplanted 4 weeks after complete transection. Their study further supports clinical application of OECs for the repair of human SCI through autologous transplantation, as these cells are accessible and available in nose. Steward et al. (2006) found that, after OEC-rich OLP and OEC-free RLP were implanted into the spinal cord injury site, 30 days after spinal cord transection at the T 10 segment in adult female rats, BBB rating results showed that hindlimb motor function showed no obvious recovery after OLP transplantation, and the motor function was similar after OLP and RLP transplantation. No flourogold was detected in the spinal cord injury site after transplantation of OLP or RLP. Immunostaining results showed that a small amount of 5-hydroxytryptamine-labeled axons grew into the transplantation site. Their results suggest that OLP transplantation is not an efficient treatment for SCI, although the transplantation could promote axonal regeneration under certain conditions. Yin et al. (2006) investigated the transplantation of human embryonic OECs in adult rats with complete spinal cord transection. Separated, cultured human embryonic OECs from abortus were obtained. All rats were transected at the T 10 segment of spinal cord. Nine to ten days later, 5 μL (2.5 × 10 5 ) human embryonic OECs (labeled by Hoechst 33342) were injected in the contusion area of the lesion site. Transplanted OECs could survive for at least 10 weeks and even migrated from the injured area in the spinal cord. From 4 to 10 weeks, the BBB locomotor scores of the experimental group were improved significantly compared with the control group (P < 0.05). Immunohistochemical staining showed an increased number of p75 NTR -positive nerve fibers and synapses in the lesion site of the experimental group compared with the control group. Finally, they found that transplantation of human embryonic OECs could enhance the recovery of locomotor function for adult rats with SCI.
Information of included studies
López-Valeset et al. (2007) examined whether OECs could stimulate the regeneration of axons and functional recovery when transplanted 45 days after complete transection of thoracic spinal cord in adult rats. OECs partially improved restitution of supraspinal pathways, as evaluated by motor-evoked potentials and modest recovery of hindlimb movements. Furthermore, OEC transplantations decreased lumbar reflex hyperexcitability from 1 month after transplantation. Histological examinations showed that OECs facilitated corticospinal and raphespinal axonal regrowth through the transection site and into the caudal spinal cord segments. It is interesting that raphespinal but not corticospinal fibers regenerated long distances through the gray matter and reached the lower lumbar segments (L 5 ) of the spinal cord. However, delayed OEC transplantations failed to decrease posttraumatic astrogliosis. Thus, the beneficial results shown in their study further support the application of OECs for the treatment of chronic SCI. Jiang et al. (2010) examined the survival and reparative effects of OECs, following transplantation in a complete spinal cord transection model at the T 9 segment, immediately after injury. The locomotor behavior improved 4 weeks after surgery. By immunohistochemical staining, OECs could be observed around the spinal injury area, and had migrated 1.0 cm away from the injury area. There was a positive correlation between the number of regenerating axons and the recovery of locomotor function. Thus, they found that OECs can promote axonal regeneration and the recovery of locomotor function after spinal cord transection. Centenaro et al. (2011) examined the effects of OLP or RLP transplantation and the appropriate timing for their application after SCI. Adult male rats received spinal cord transection, followed by acute, 2-or 4-week post-injury transplantation with pieces of OLP or RLP (control). Animals, after grafting with OLP and RLP, showed discrete and similar motor improvement of the hindlimb, with comparable spinal cord tissue sparing and sprouting in the transection site. Acute transplantation of OLP and RLP appeared to foster limited supraspinal axonal regeneration, as shown by the presence of neurons stained by retrograde tracing in the brainstem nuclei. A larger number of 5-hydroxytryptamine-positive fibers were found in the cranial stump of the OLP and RLP groups compared with the lesion and caudal regions. Calcitonin gene-related peptide fibers were present in considerable numbers at the SCI area in both transplantation groups. Their results failed to show differences between acute, 2-and 4-week delayed transplantations of OLP and RLP, implying that the limited functional and axonal reparative effects observed could not be exclusively related to OECs. A further understanding of the effects of these tissue transplantations is necessary to emphasize the rationale for use of this therapeutic method in humans.
Discussion
Difficulties in axonal regeneration post-SCI are a main reason for extensive patient rehabilitation (Ung et al., 2010; Min et al., 2011) . The following factors hinder axonal regeneration after injury in the central nervous system : inhibitory factors in the myelin sheath, such as Nogo and related ligands; the glial scar; and nutrient deficiency. Increasing studies have focused on the elimination of these factors to promote axonal regeneration. Some have proposed the application of methods to bridge the injury site, including embryonic tissue (Kawaguchi et al., 2004; Steward et al., 2006) , peripheral nerve tissue (David and Aguayo, 1981; Kunkel-Bagden and Bregman, 1990; Cheng et al., 1996) , and artificial stents (Richardson et al., 1984; Bakshi et al., 2004; Patist et al., 2004) . Other investigations have focused on a variety of potential therapeutic cell grafts, such as Schwann cells (Meijs et al., 2004; Tsai et al., 2004; Kamada et al., 2005) , OECs (Paino and Bunge, 1991; Cao et al., 2004; Chuah et al., 2004; Ramer et al., 2004) , macrophages (Shen et al., 2004) , various sources of stem cells (Bomstein et al., 2003) , as well as the combination of growth factors and graft co-transplantations (Kwon et al., 2002; Dolbeare and Houle, 2003; Iannotti et al., 2003; Shumsky et al., 2003; Zhou and Shine, 2003; Nikulina et al., 2004; Pearse et al., 2004; Iwanami et al., 2005) . Some studies have addressed the elimination of axonal regeneration suppressors, such as Nogo and its ligand , the glial scar (Xu et al., 2004) or cell adhesion molecules (Chau et al., 2003) , inflammatory mediators (Roonprapunt et al., 2003) , and other molecules (Demjen et al., 2004) . Although growing evidence has highlighted the contribution of transplantation on promoting nerve regeneration or restoration, the majority of related studies have low reproducibility. OECs in the OLP and olfactory bulb appear to play a key role in providing an enabling environment for axonal growth. OECs are a type of glial cell that are functionally situated between Schwann cells and oligodendrocytes, exhibiting numerous properties, including neurotrophic, anti-gliotic effects, glial scar inhibitory, and pro-sheath formation effects. OECs may provide a preferred microenvironment for axonal growth and migration, making them an ideal candidate cell for the promotion of nerve regeneration in the central nervous system (Tanaka et al., 2004) .
New evidence indicates that OECs have properties of cells in both the central and peripheral nervous systems (Au and Roskams, 2003; Su and He, 2010; King-Robson, 2011) . They can express and secrete a variety of cell surface adhesion molecules and neurotrophic factors and play a critical support role in axonal regeneration of central neurons (Sasaki et al., 2004; Richter et al., 2005; Radtke et al., 2010) . A large number of studies have demonstrated that OEC transplantation can promote neurological functional recovery following SCI (Boyd et al., 2005; Aoki et al., 2010; Tharion et al., 2011) .
The present study found that there is sufficient evidence showing that olfactory nasal cell grafts can promote functional recovery after complete transection of the spinal cord in the adult rat, both when transplanted as whole pieces of OLP or as 50% pure cultures of OECs. Animals receiving olfactory grafts have recovered hindlimb movement and spinal reflex inhibition. Histological investigations have shown the obvious growth of axons across the transection site, through the graft and into the distal cord stump and regrowth of brainstem serotonergic fibers into the distal cord. Re-section of the cord after 10 weeks confirmed that locomotor recovery was dependent on regeneration through the transplant site.
OECs can fuse well with host spinal cord and promote myelination and axonal regeneration. OECs are considered the most promising candidate cells for SCI repair (Sobani et al., 2010; Chuah et al., 2011; Mackay-Sim and St John, 2011; Tetzlaff et al., 2011) . However, related animal experiments and clinical studies have been limited by the small size of samples and short-term follow-up periods (Fouad et al., 2005; Li et al., 2011) .
Several different animal models for SCI have been developed, each with their own advantages and disadvantages. The animals of choice for most studies are rats and mice; larger species, such as canines, felines, and nonhuman primates, are used infrequently. Typically, most characteristics of the nervous system, including architecture, biochemistry, and physiology, are conserved across species, allowing for reliable and valid comparisons. However, it should be noted that some differences may exist that can produce different results, such as a reduced sensitivity to excitotoxic damage in some strains of mice, and the atypical absence of gross cavitation following SCI in mice. The differences in animals may not affect the damage, but can influence the behavioral recovery (Yui et al., 2011) . This review chose only the studies with rats to avoid the adverse effects associated with mice.
The location of the damage to the spinal cord can also vary, but in most animal models, the site of injury is usually in the lower thoracic region, as this reduces the demands of animal care, while still providing a good model for SCI. This can produce significant motor impairment in the hindlimbs, but avoids drastic impairments of higher-level damage, such as difficulty with respiration. The locations of SCI in the studies included in this review were all in the lower thoracic region.
A variety of methods have been used to establish SCI models in animals. Different models reproduce different types of anatomical structural injury and neurological functional effects. Currently available animal models of SCI are characterized by the animal species employed and the mechanism by which the spinal trauma is induced (weight drop, contusion, calibrated forceps compression, or laceration). The power of any model in determining the clinical relevance of a therapy is determined by the following: (1) how similar the model is to the clinical and histopathology of human SCI, (2) the reproducibility of neurological dysfunction across individual experimental subjects exposed to an identical injury, (3) the degree and the time course of spontaneous motor/sensory recovery, (4) tolerability to chronic neurological dysfunction and related post-injury animal care, (5) the capability of generating different degrees of functional outcome after different severities of injury, and (6) the ability to qualitatively and quantitatively describe the spinal histopathological changes (Mills et al., 2001) .
However, there is no model that can completely simulate clinical SCI (Navarro et al., 2012) . Contusion, semi-transection and complete transection are commonly utilized, all of which have advantages and disadvantages (Pu et al., 2007; Li and Dai, 2009; Bazley et al., 2012) . Contusion and semi-transection models cannot confirm well whether the newly generated axons in the injury region result from the regeneration of injured nerves or compensatory lateral branch sprouting of residual healthy nerve tissues. Complete transection also has disadvantages, such as low association with clinical SCI, high animal mortality, high postoperative complications, and laborious postoperative nursing. However, the complete transection model can exactly identify regenerated axons and effective treatment strategies (Talac et al., 2004) , therefore confirming association between regenerated axons and limb functional recovery. It is commonly used for studies investigating possible cell transplantation therapies for SCI. Neural and non-neuronal transplants are used to bridge severed axons or provide a site for neuronal grafts that can promote regeneration or establish functional connections. It is much easier to localize and track the transplants in these models than other methods for SCI, where the lesion is not as well defined. Thus, complete spinal cord transection has been frequently used in studies of SCI repair and regen- 
Selected articles after reading titles and abstracts
Articles from database after excluding repetitive studies (n = 95) Selected articles after reading full-text (n = 9) Articles with incomplete data (n = 3) Included randomized controlled trials (Basso, Beattie and Bresnahan scores as evaluation criteria) (n = 6) eration, as well as transplantation therapies (Lee et al., 2008; Li and Zhao, 2008; Fan et al., 2011; Kang et al., 2011) .
A key point after treatments to repair the injured spinal cord is whether functional recovery is due to axonal pathways that regenerate across the lesion or to changes in spinal circuits caudal to the lesion. In rats with OEC transplants, many studies (López-Vales et al., 2006) have shown that descending fibers from the motor cortex and brainstem grew through the lesion and projected caudally to lumbar segments. After spinal cord transection, 70-80% of OEC-transplanted rats showed recovery of motor-evoked potentials (MEPs), but none of the control RLP-injected rats. MEPs are induced by electrical stimulation of cortical and brainstem motor neurons, which propagate impulses along the spinal cord to excite lumbar motor neurons. After complete spinal cord transection, MEPs disappear because all descending tracts are disrupted, and they do not return with time because spontaneous axonal regeneration fails within the non-transplanted spinal cord. Therefore, recovery of electrophysiological responses observed after OEC transplantation is attributable to regrowth and caudal functional reconnection of a number of supraspinal axons that have crossed the lesion site. OEC-grafted animals exhibit improved locomotor behavior only when MEPs reappear, suggesting that recovery of motor skills is due to a return of descending control of hindlimb movements. Ramón-Cueto et al. (2000) reported recovery of hindlimb function in the climbing test, following acute OEC transplantation after complete spinal cord transection.
The present review included studies of SCI animal models of complete spinal cord transection to investigate the effects of OEC transplantation on motor functional recovery. The ability to move in an open space is a good index of functional ability in response to SCI and can provide reliable quantitative information. The most basic measure of locomotor activity is exploratory activity in an open field. Rodents have a natural tendency to explore a new environment, with most of the activity being around the periphery of the open field. Rats are placed in the center of a square box that is marked with a grid of equal-sized squares or a grid of photoelectric beams. The primary measures taken to determine open-field activity are time to reach the perimeter of the open field and number of lines crossed. Other types of behaviors that can be monitored include grooming and stereotypic movements, such as rotation and vertical movements. Testing can be performed for single or multiple trials; however, multiple testing can lead to acclimation and reduced activity. Activity levels are important to assess hyperactivity or hypoactivity, but may not provide specific information on the quality of movement. In addition to general activity levels, automated tracking systems commonly used for these measures can also assess the move- ment according to small or large and vertical or horizontal movements. The addition of type and direction of movement adds another dimension to the data, to grossly assess the quality and quantity of movement. An overall assessment of the quantity and quality of movement can be obtained using ordinal scales that rate locomotor ability, most notably the BBB locomotor scale, which is a modification of an earlier scale. The BBB scale is quickly becoming the standard for overground locomotor testing, because it assesses multiple parameters and is widely affordable due to the fact that it requires no specialized equipment. The BBB scale rates motor ability on a 21-point scale designed to assess recovery of hindlimb function in an open field after thoracic SCI. Scores range from a score of 0 for total paralysis to a score of 21 for normal locomotion, characterized by coordinated and consistent gait, correct hindlimb paw placement, and trunk stability.
After injury, there may be a reliable pattern of recovery that is documented by the scale. Scores of 0 through 7 are characterized by isolated joint movement (hip, knee, and ankle); scores of 8 through 13 describe paw placement, stepping, and coordination of the forelimbs and hindlimbs; and scores of 14 through 21 assess toe clearance during stepping, paw position, tail position, and trunk stability. Left and right hindlimbs can be scored separately to assess asymmetric damage and recovery, but the final rank is a composite score of both sides.
The present study utilized meta-analysis and BBB scores to analyze motor functional recovery of the hindlimbs in rats following OEC transplantation. Results showed that OEC transplantation had higher BBB scores than control animals, indicating that OECs can promote motor functional recovery of rat hindlimbs.
Limitations
Notably, this review included a small number of studies, so the size of samples was not sufficient. Further study of a larger sample size is needed to verify the results. Moreover, heterogeneity in studies may result from several factors as follows: BBB scores were subjective, directly leading to heterogeneity; rat strain, gender, number, age and nursing technique were different; laboratory conditions were not standardized, and data processing was different; and the time of OEC transplantation was not the same. Additionally, the inclusion criteria of the present review were limited, as we only selected studies published in Chinese and English, and none mentioned allocation concealment, possibly resulting in selection bias.
Therefore, future reviews should select studies with sufficient sample sizes, utilizing a blind method to reduce bias. Moreover, objective, unified motor function evaluation criteria should be established to reduce experimental errors.
To assess the reproducibility and reliability of OLP transplantation on promoting motor functional recovery after complete transection injury in thoracic spinal cord, Steward et al. (2006) repeated the experiments previously done by Lu et al. (2002) . The results showed no functional recovery following OLP transplantation, with the improvements in hindlimb motor function being similar to that after RLP transplantation. This discrepancy can be explained by (1) insufficient/immature experimental techniques; (2) variation of animals, such as genetic diversity and different graft rejections; (3) different directional controlling of the grafts.
Conclusion
Previous studies have shown that OEC transplantation promoted hindlimb motor functional recovery in rats with complete spinal cord transection injury. However, the clinical application of OEC transplantation requires further evidence from large-sample or multi-center randomized controlled trials. 
